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Threshold of pre-T-cell-receptor surface expression is associated
with αβ T-cell lineage commitment
Ludovica Bruno*, Alexander Scheffold†, Andreas Radbruch†
and Michael J. Owen*
Background: The development of immature thymocytes is regulated by the
pre-T-cell receptor (pre-TCR). The pre-TCR is involved in several developmental
processes including rescuing cells from programmed cell death, allelic
exclusion and αβ versus γδ T-cell lineage commitment. A major issue is how the
pre-TCR functions to integrate these processes in developing thymocytes.
Results: We have used a sensitive immunofluorescence technique to reveal the
surface-expression profile of the pre-TCR on immature thymocyte subsets. We
show that early pre-T cells (CD25+CD44–) can be subdivided on the basis of
the level of surface pre-TCR expression. Detectable surface pre-TCR
expression identified a rapidly cycling population of early pre-T cells which had
successfully undergone β-selection and been rescued from programmed cell
death. Late pre-T cells (CD25–CD44–), which had traversed the β-selection
checkpoint, expressed surprisingly heterogeneous surface levels of the
pre-TCR: high levels of surface pre-TCR expression were associated with
commitment to the αβ T-cell lineage, whereas late pre-T cells with lower levels
of surface pre-TCR could develop along both the αβ or γδ T-cell lineages.
Conclusions: These data demonstrate that the surface expression of the
pre-TCR can be used to reveal newly identified stages of T-cell development and
to provide insights into αβ T-cell lineage commitment. They show that, although
pre-TCR expression does not act as a developmental switch per se, its level of
surface expression on late pre-T cells predicts their developmental potential.
Background
The maturation of T cells in the thymus is a complex
process involving multiple developmental decisions.
These include whether or not cells survive, proliferate and
differentiate along a particular lineage and depend, at least
in part, upon the rearrangement and expression of T-cell
receptor (TCR) genes. During the development of T cells
expressing the αβ TCR, the maturation of immature,
double-negative (CD4–CD8–) thymocytes to double-posi-
tive (CD4+CD8+) cells is dependent upon the expression
of the TCRβ chain [1], a process that has been termed ‘β-
selection’ [2]. TCRα expression is required for the differ-
entiation of double-positive thymocytes to mature,
single-positive (CD4+CD8– or CD4–CD8+) cells [3]. It is
not known whether an analogous mechanism involving
TCRγ or TCRδ gene rearrangement and expression regu-
lates intermediate stages of γδ T-cell development. 
The regulation of αβ T-cell development by TCRα and
TCRβ expression occurs through two distinct TCR com-
plexes. Progression through the double-negative to double-
positive thymocyte transition is driven by the pre-TCR, a
complex comprising the TCRβ chain, the pre-TCRα
(pTα) polypeptide and components of the CD3 signalling
complex [4]. The double-positive to single-positive thymo-
cyte checkpoint is regulated by the αβ TCR through inter-
action with its major histocompatibility complex (MHC)
ligand [5]. Gene targeting approaches have revealed the
essential roles of the pre-TCR and the αβ TCR at these
two developmental checkpoints (reviewed in [6]).
Although genetic evidence has clearly established the
importance of the pre-TCR in regulating progression
through the double-negative to double-positive thymo-
cyte checkpoint, it has proven especially difficult to detect
this receptor by standard flow cytometry at the cell
surface. This is in marked contrast to the αβ TCR,
although the pre-TCR has been visualised biochemically
by surface labelling and immunoprecipitation [7,8]. Thus,
a detailed analysis of the surface expression of the pre-
TCR on different thymocyte subsets and the develop-
mental consequences of this surface expression has not
been possible.
In addition to αβ T cells, most γδ T cells also develop
within the thymus [9]. Both lineages derive from a
common thymic lymphoid progenitor population, but the
developmental switches that govern αβ versus γδ T-cell
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lineage commitment are unknown. One attractive possi-
bility is that TCR complexes also regulate this develop-
mental decision. Thus, productive TCRβ gene
rearrangement may commit a cell to the αβ lineage
pathway through expression of the pre-TCR. The ability
to identify and isolate pre-TCR-expressing thymocytes
and to assay their developmental potential would enable
this model to be critically evaluated.
In order to address the issue of the role of the pre-TCR in
αβ T-cell lineage commitment, we utilised a sensitive
immunofluorescence technique for the analysis and
sorting of cells expressing low amounts of antigen [10] to
visualise the pre-TCR on the surface of immature thymo-
cytes. Our data show that the expression of high levels of
the TCRβ chain, and therefore presumably the pre-TCR,
on double-negative thymocytes is associated with commit-
ment to the αβ T-cell lineage.
Results
Cell-surface expression of the pre-TCR on different
thymocyte subsets 
Although the expression of transcripts encoding the various
components of the pre-TCR has been demonstrated in
immature thymocyte subsets [11], cell-surface expression
of the pre-TCR has not yet been detectable on thymocytes
by flow cytometry. In order to decrease significantly the
lower limit of detection, a staining technique based on the
use of magnetofluorescent liposomes was used to visualise
the pre-TCR. Uniformly sized, antibody-conjugated lipo-
somes loaded with large amounts of fluorescein (Figure 1a)
have been used for specific labelling of cells, giving a sub-
stantial signal enhancement in flow cytometry [10]. The
sensitivity of immunofluorescence is amplified by increas-
ing the molar ratio of fluorochrome to antibody. With such
liposomes, the intensity of fluorescent staining is increased
10–100-fold [10] compared with conventional fluo-
rochrome-conjugated antibodies. Because of the lack of a
specific antibody to the external domain of pTα, the pan
TCRβ-specific monoclonal antibody H57.597, which
recognises the Cβ region of all TCRβ chains, was used in
this study. Stainings were performed using TCRα–/– mice
in which immature double-negative thymocytes differenti-
ate normally into double-positive cells, but fail to mature
into single-positive thymocytes because of the absence of
an αβ TCR on the cell surface [12,13].
The H57.597 monoclonal antibody was digoxigenylated,
in order to be specifically recognised by liposomes coated
with anti-digoxigenin antibody, and was subsequently
tested in different concentrations on thymocyte subpopu-
lations prepared from severe combined immunodeficiency
(SCID) mice and defined using CD44 and CD25 cell-
surface markers. Double-negative thymocytes are divisi-
ble into four subsets on the basis of the combinatorial
expression of these two antigens (Figure 1b). Thymocytes
from SCID mice are arrested at the early pre-T-cell stage
of development because they are defective in TCR gene
rearrangement and fail to express the pre-TCR. Thus,
analysis of SCID thymocytes provided a means of estab-
lishing conditions that minimise background staining
using this technique (Figure 2a); these conditions were
used in all subsequent experiments.
Double-negative cells were prepared from TCRα–/– thymi
and stained with either monoclonal antibodies specific for
CD44, CD25 and TCRβ, or CD44, CD25, TCRγδ, CD4,
CD8 and TCRβ. The first combination of antibodies was
used to reveal pre-TCR expression profiles on thymocytes
at stages 1–3 (see Figure 1b for nomenclature), whereas the
second combination was utilised for the analysis of pre-
TCR expression on stage 4 thymocytes, where it was nec-
essary to exclude TCRγδ and residual CD4+CD8+ cells
from the CD44–CD25– double-negative phenotype. The
CD44–CD25– double-negative population identified with
this staining combination was homogeneously CD2+, HSA+
and Thy1+ (data not shown). As shown in Figure 2b,
double-negative thymocyte subsets at developmental
stages 1 and 2 (CD44+CD25– and CD44+CD25+) did not
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Figure 1
Schematic representations of a magnetofluorescent liposome and the
stages of double-negative thymocyte development. (a) Magneto-
fluorescent liposomes are unilamellar structures containing fluorescein
and covalently coupled to a digoxigenin-specific antibody. (b) The
various nomenclatures for different double-negative thymocyte
subsets. The stages are defined by the combinatorial expression of the
CD44 and CD25 cell-surface markers.
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express detectable amounts of the pre-TCR on their cell
surface. In contrast, pre-TCR expression was detected on
the cell surface of double-negative cells at the later devel-
opmental stages 3 and 4 (CD44–CD25+ and CD44–CD25–).
In particular, we observed that, whereas a low percentage
of CD44–CD25+ early pre-T cells had detectable surface
levels of the pre-TCR, a significantly higher percentage of
CD44–CD25– late pre-T cells expressed the pre-TCR.
The cell-surface expression of the pre-TCR was also
determined during foetal thymocyte development. As
shown in Figure 2c, surface expression of the pre-TCR
was detected on a low percentage of CD44–CD25+ early
pre-T cells at embryonic day 16 (E16) and on a signifi-
cantly higher percentage of CD44–CD25– late pre-T cells
(Figure 2c). No surface expression of the pre-TCR above
background levels was detected in earlier foetal thymo-
cyte subsets at E16 or on any foetal thymocyte subsets
earlier than E16. We also observed a generally higher
background level of staining using foetal thymocytes and,
when this was taken into account, the proportion of
stage 3 and stage 4 double-negative thymocytes from E16
thymus expressing the pre-TCR on the cell surface was
comparable to these subsets in the adult thymus.
When staining total thymocytes from TCRα–/– mice with
antibodies specific for CD4 and CD8, we observed that
the pre-TCR complex was also expressed on a high per-
centage of double-positive thymocytes in both adult and
foetal thymus (Figure 2b,c, lower panels). The expression
of the pre-TCR on the cell surface of double-positive thy-
mocytes could be a peculiarity of TCRα–/– mice, in which
surface expression of the pre-TCR may persist in the
absence of competition from the TCRα chain. Our data
are consistent with the finding that double-positive thy-
mocytes express pTα transcripts [11].
Taken together, these data show that, using a very sensi-
tive staining technique, it is possible to detect the pre-
TCR on the cell surface of a low fraction of CD44–CD25+
immature thymocytes and on a high fraction of
CD44–CD25– immature thymocytes, in both adult and
foetal thymus from TCRα-deficient mice. Because fluo-
rescent liposomes can detect surface antigens to a limit of
about 300–400 molecules/cell (below this threshold, stain-
ing is no longer quantitative and not all positive cells are
labelled), these data do not exclude the possibility that
some cells scoring negative for surface expression of the
pre-TCR in double-negative T-cell developmental
stages 3 and 4 do in fact express it to low levels. We thus
refer to pre-TCRlow- and pre-TCRhigh-expressing cells,
rather than pre-TCR-negative and pre-TCR-positive
cells, in the CD44–CD25+ and CD44–CD25– double-nega-
tive thymocyte subsets.
Although the development of immature thymocytes has
been shown to be indistinguishable in TCRα–/– and wild-
type mice, some as yet undetected differences may exist.
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Figure 2
Analysis of different thymocyte subsets for the
surface expression of the pre-TCR. Total or
double-negative thymocytes were prepared
from TCRα–/– mice and stained either with
CD25–biotin, CD44–phycoerythrin (PE) and
anti-TCRβ–digoxigenin, or with CD25–biotin,
CD44–PE, CD4–Tricolor, CD8–Tricolor,
TCRγδ–biotin and TCRβ–digoxigenin
monoclonal antibodies. Anti-TCRβ–digoxigenin
was subsequently detected with the
magnetofluorescent liposomes described in
Figure 1 and biotinylated monoclonal
antibodies were detected with
streptavidin–Tricolor. Histogram profiles of
TCRβ staining on the different thymocyte
subsets (developmentally ordered, top to
bottom) are shown for (a) SCID thymus or for
(b) adult and (c) foetal day 16 TCRα–/–
thymus. For SCID mice, stainings were
performed on total thymocytes and, because of
the early T-cell developmental block, only the
first three populations are shown. When the
TCRβ–digoxygenin antibody was omitted from
the staining of CD44–CD25– thymocytes, only
2% of cells were detected in the gate used.
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Therefore, surface expression of the pre-TCR was investi-
gated using early and late pre-T cells prepared from wild-
type thymus. As shown in Figure 3a, the pre-TCR was
detected on about 20% of early pre-T cells (CD44–CD25+)
and on about 60% of late pre-T cells (CD44–CD25–). Both
the intensity of staining and the proportions of cells
stained were similar to those found on equivalent popula-
tions from TCRα–/– mice (Figure 2b).
The difference in the level of surface expression of the
pre-TCR and TCR was underscored by the use of the
fluorescent liposome technique to stain double-positive
thymocytes (Figure 3a, lower panel) and mature T cells
(Figure 3b) from wild-type mice. As shown in Figure 3,
the level of surface staining of the αβ TCR was at least
tenfold higher than that of the pre-TCR.
High levels of pre-TCR surface expression correlate with
extensive cell proliferation in CD44–CD25+ thymocytes
The transition of thymocytes through the double-negative
to double-positive thymocyte checkpoint regulated by the
pre-TCR is associated with extensive cellular proliferation.
To test the prediction that early pre-T cells, the stage at
which β-selection occurs, differ in their cell-cycle status
depending on whether or not they express the pre-TCR at
the cell surface, the cell-cycle profile of pre-TCRlow and
pre-TCRhigh early pre-T cells was determined. The analy-
sis of DNA content in these two populations is shown in
Figure 4. Pre-TCRlow stage 3 thymocytes are a largely
resting population whereas pre-TCRhigh stage 3 cells are
mostly cycling. Analysis of relative cell size by forward
light scatter revealed that pre-TCRlow cells were small
whereas pre-TCRhigh cells were large (data not shown).
Analysis of pre-TCRlow and pre-TCRhigh late pre-T cells
showed that both populations consisted of large cells (data
not shown) that were actively cycling (Figure 4).
High-level surface expression of the pre-TCR correlates with
differentiation along the αβ but not the γδ T-cell lineage
The observation that both CD44–CD25+ and CD44–CD25–
double-negative thymocytes could be divided on the basis
of the level of surface expression of the pre-TCR complex
prompted us to test whether any functional differences cor-
related with the distinct levels of the pre-TCR present on
the cell surface. Sorted cells from thymocyte stages 3 and 4,
expressing different levels of pre-TCR on their surface,
were assayed for their developmental capacity in reaggrega-
tion thymic organ cultures [14]. The same number of cells
(5 × 104) was reaggregated with 0.5 × 106 stromal cells
obtained from 2′-deoxyguanosine-treated day 15 foetal
thymus lobes from C57BL/6 mice. After 6 days of culture,
thymocytes from reaggregate lobes were stained with mon-
oclonal antibodies to CD4, CD8 and Ly9.1 or to TCRγδ
and Ly9.1. The use of the monoclonal antibody to Ly9.1 in
each set of stainings was important to distinguish endoge-
nous thymocytes, which could have survived the
2′-deoxyguanosine treatment, from the progeny of the
input sorted population. The latter cells from TCRα–/–
thymus are Ly9.1+, whereas stromal cells, obtained from
C57BL/6 foetal thymi, are Ly9.1–. No Ly9.1– cells were
detected after the 2′-deoxyguanosine treatment.
The sorting gates for both CD44–CD25+ and CD44–CD25–
double-negative thymocytes are indicated in Figures 5a
and 6a, respectively. The CD44–CD25+ double-negative
subset was divided into pre-TCRlow (gate R1) and pre-
TCRhigh (gate R2) sorting populations, whereas for the
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Figure 3
Surface expression of the pre-TCR and TCR on thymocytes and
peripheral T cells from wild-type thymus. Histogram profiles of TCRβ
staining are shown. (a) Double-negative (top and middle panels) or
double-positive (lower panel) cells from 3-week-old wild-type mice
were prepared and stained as described in the legend to Figure 2.
(b) TCRβ staining on CD4–CD8+ αβ T cells from lymph nodes; a
similar profile was observed for CD4+CD8– T cells (data not shown). 
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TCRβ
CD44–CD25– double-negative subset, in addition to a pre-
TCRlow (gate R3) and pre-TCRhigh (gate R4) division, a
third gate (R5) was used for the highest level of pre-TCR-
expressing cells. As shown in Figure 5b,d and Figure
6b,d,f, all sorted subsets, independently of their level of
surface pre-TCR expression, expanded and differentiated
along the major αβ lineage pathway into CD4+CD8+
double-positive thymocytes. The cell numbers obtained
from each reaggregation culture were comparable for all
sorted populations with the exception of CD44–CD25+
pre-TCRlow cells, which expanded five- to sevenfold less
(Table 1). This result is consistent with the designation of
the pre-TCRlow CD44–CD25+ double-negative subset as
one undergoing TCRβ gene rearrangement and β-selec-
tion, and thus developmentally less mature than the other
subsets analysed. Indeed, the CD4/CD8 profile in cultures
obtained from this fraction showed that fewer double-posi-
tive cells and more double-negative cells are present
(Figure 5b), indicating a delay in development compared
with the other sorted populations.
Interestingly, the different sorted populations gave rise to
different proportions of γδ thymocytes in the reaggregate
cultures (Figures 5c,e and 6c,e,g; Table 1). Within the dif-
ferent sorted subsets of CD44–CD25+ thymocytes, no dif-
ferences due to the amount of pre-TCR present on the
cell surface were observed in the ability to differentiate
into mature γδ T cells (Figure 5c,e). Although the percent-
age of γδ T cells present in reaggregate cultures obtained
from pre-TCRhigh cells is lower than that observed in reag-
gregations from pre-TCRlow cells, the total γδ T-cell
number obtained at the end of the culture period was
comparable. In contrast, significant differences were
observed in the ability of CD44–CD25– cells to differenti-
ate into mature γδ T cells on the basis of the level of
surface pre-TCR expression. In particular, we observed
that a higher percentage of γδ T cells was present in reag-
gregation cultures obtained from sorted cells expressing
low levels of the pre-TCR (Figure 6, gate R3) when com-
pared with the number detected in the reaggregation cul-
tures obtained from pre-TCRhigh sorted cells (Figure 6,
gate R4). More strikingly, in cultures obtained from sorted
CD44–CD25– cells expressing the highest level of the pre-
TCR (Figure 6, gate R5), no γδ T cells were detected.
These data are highly reproducible (Table 1) and suggest
that the pre-TCR threshold on CD44–CD25– thymocytes
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Figure 4
Surface expression of the pre-TCR and cell-
cycle profile at stages 3 and 4 of double-
negative thymocyte development. (a) A
schematic representation of T-cell
differentiation. Cell-cycle analysis was
performed on sorted (b,d) CD44–CD25+ and
(c,e) CD44–CD25– double-negative
thymocytes expressing low (b,c) or high (d,e)
amounts of pre-TCR on the cell surface. 
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is associated with progression along αβ versus γδ T-cell
differentiation pathways.
Derivation of TCRγδ cells in reaggregation cultures
reconstituted with the CD44–CD25– double-negative subset 
As shown in Figure 6, both CD44–CD25– late pre-T cells
expressing low (R3) and intermediate (R4) surface levels
of the pre-TCR can give rise to TCRγδ+ cells in reaggre-
gated foetal thymic organ cultures. The TCRβ rearrange-
ment status of these γδ+ cells was analysed, to rule out the
possibilities that the γδ+ cells observed had developed
from contaminating cells lacking the pre-TCR, or had
arisen from a developmentally separate population of pre-
committed late double-negative cells that had not been
β-selected but were indistinguishable in phenotype from
late pre-T cells (for example, such cells may have been
selected on the basis of TCRγ or TCRδ rearrangement
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Figure 5
Differentiation potential of CD44–CD25+ pre-TCRlow and pre-TCRhigh
double-negative thymocytes in reaggregation culture. Double-negative
thymocytes were prepared from TCRα–/– thymus (Ly9.1+) and stained
with CD25–biotin, CD44–PE and anti-TCRβ–digoxigenin antibodies
followed by the magnetofluorescent liposomes described in Figure 1
and Tricolor. (a) Sorting gates for pre-TCRlow (R1)- and pre-TCRhigh
(R2)-expressing CD44–CD25+ cells. Sorted cells (5 × 104) from each
gate were reaggregated with 0.5 × 106 stromal cells from C57BL/6
(Ly9.1–), 2′-deoxyguanosine-treated foetal thymi. (b–e) Staining of
thymocytes from the reaggregation cultures. (b,d) CD4 versus CD8
and (c,e) TCRγδ versus Ly9.1 staining profiles from both (b,c)
CD44–CD25+, pre-TCRlow (gate R1) and (d,e) CD44–CD25+,
pre-TCRhigh (gate R2) double-negative thymocytes are shown.
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Figure 6
Differentiation potential of CD44–CD25– pre-TCRlow and pre-TCRhigh
double-negative thymocytes in reaggregation culture. Double-negative
thymocytes were prepared from TCRα–/– thymus and stained first with
CD25–biotin, CD44–PE, anti-TCRγδ–biotin, CD4–Tricolor,
CD8–Tricolor and anti-TCRβ–digoxigenin antibodies, and
subsequently with streptavidin–Tricolor and the magnetofluorescent
liposomes described in Figure 1. (a) Sorting gates for pre-TCRlow
(R3)-, pre-TCRhigh (R4)- and pre-TCRvery high (R5)-expressing
CD44–CD25– double-negative cells. (b–g) Fluorescence-activated cell
sorting (FACS) analysis of reaggregate cultures obtained from the
three sorted populations. Profiles depict (b,d,f) CD4 versus CD8 and
(c,e,g) TCRγδ versus Ly9.1. 
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through a putative pre-γ or pre-δ TCR). Rearranged TCR
β genes from sorted TCRγδ+ cells were amplified by
nested PCR using primers specific for two different Vβ
genes, Vβ2 and Vβ5, in combination with Jβ primers that
were specific for the Jβ2.2 (moderately used) and Jβ2.5
(very commonly used) segments [2]. Vβ2–Jβ2.2 and
Vβ5–Jβ2.5 amplification fragments obtained by this proce-
dure were cloned and sequenced from both ends. Of 49
derived sequences (Figure 7), 82% were productively
joined. This very high percentage of in-frame TCRβ
rearrangements suggests that at least a proportion of the
TCRγδ+ cells detected indeed developed from
CD44–CD25– late pre-T cells which had been selected for
in-frame TCRβ rearrangements. 
The characteristics of the γδ+ cells derived from the reag-
gregation cultures were shown to be similar to those of
total nonselected γδ+ thymocytes. Thus, no pTα tran-
scripts were detected by reverse-transcriptase PCR, and
determination of the expression of CD4, CD8 and HSA,
and of cell size revealed that this population comprises
mainly large cells that are HSA+, with a proportion
expressing CD4 or CD8 coreceptors (data not shown).
Discussion
The double-negative to double-positive thymocyte check-
point coordinates a series of developmental events, in par-
ticular cell survival, proliferation and allelic exclusion at the
TCRβ locus [4]. The central role of the pre-TCR at this
checkpoint has been clearly established, although attempts
to elucidate the mechanism by which this receptor regu-
lates development have been limited by the inability to
detect the pre-TCR on thymocytes by flow cytometry. We
have used a sensitive immunofluorescence technique to
visualise the pre-TCR on the surface of thymocytes, thus
providing the first analysis of the surface expression of the
pre-TCR during thymocyte development.
Early pre-T cells are the first developmental stage at which
surface pre-TCR expression was detected in this study.
This observation is consistent with previous analyses of
TCRβ gene rearrangements, which show that V to D-J
rearrangement is first detected at the pre-T-cell stage of
development [15,16]. Moreover, a substantial upregulation
of pTα mRNA has been demonstrated in early pre-T cells
compared with pro-T cells [11]. The early pre-T cell pop-
ulation was shown to be heterogeneous with respect to the
level of surface pre-TCR expression, with most cells
expressing low or undetectable levels of the pre-TCR,
although a minority of cells showed clear expression. A
previous study has also divided early pre-T cells into two
populations on the basis of cell size, cell-cycle profile and
the level of productive TCRβ gene rearrangement [17]. In
this study, a smaller-sized population, termed CD25E
cells, was identified that were largely non-cycling and
expressed stochastic levels of productive TCRβ gene
rearrangement. In contrast, the larger-sized population,
termed CD25L cells, were cycling and enriched for pro-
ductive TCRβ gene rearrangement. It is likely that
CD25E cells correspond to the pre-TCRlow population
defined by our studies because both populations are small,
non-cycling cells, whereas CD25L cells correspond to the
pre-TCRhigh population, both being large and actively
cycling. Thus, the double-negative to double-positive thy-
mocyte checkpoint that results in β-selection is character-
ized by a change in cell size, cell-cycle status and
significant upregulation of surface expression of the
pre-TCR within the early pre-T cell population.
Although the majority of late pre-T cells expressed
detectable pre-TCR at the cell surface, the level of expres-
sion was surprisingly heterogeneous. Unlike the early
pre-T cell compartment, however, most late pre-T cells,
notwithstanding the level of surface expression of the pre-
TCR, were cycling. The late pre-T-cell compartment had
been presumed to be a homogeneous cycling population of
β-selected thymocytes. Indeed, the sorted, late pre-T cells
used in this study comprised uniformly large, cycling cells
that were CD25–, CD44–, CD2+, HSA+ and Thy1+. This
study provides the first demonstration that late pre-T cells
are a heterogeneous population that can be subdivided on
the basis of the surface expression of the pre-TCR.
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Table 1
Thymocyte recovery in reaggregation culture.
DN subset Pre-TCR level Total cell number ± SD % CD4+CD8+ ± SD % TCRγδ+ ± SD
(× 10–6) (n = 6) (n = 13) (n = 13)
CD44–CD25+ Low 0.22 ± 0.12 70.23 ± 2.62 3.39 ± 0.58
High 1.17 ± 0.20 86.08 ± 2.60 0.48 ± 0.15
CD44–CD25– Low 1.25 ± 0.30 86.54 ± 3.13 4.08 ± 0.59
High 1.18 ± 0.19 87.00 ± 2.61 1.32 ± 0.23
Very high 1.27 ± 0.14 87.69 ± 2.29 0.03 ± 0.01
Reaggregate organ cultures, performed with the sorted subsets
described in Figures 5 and 6, were harvested and total cell numbers
were calculated. Mean percentage ± standard deviation (SD) of total
cell number, CD4+CD8+ and γδ+ cells are indicated. The results are the
mean of 6 (total cell number) and 13 (% CD4+CD8+ and TCRγδ+)
separate experiments. Dead cells were excluded by trypan-blue staining.
During thymocyte development, γδ and αβ T cells arise as
a result of a lineage decision of a common intrathymic pre-
cursor. One hypothesis for the mechanism of lineage com-
mitment is that the expression of incomplete or complete
TCRs may seal the developmental fate of a thymocyte [9].
The isolation of thymocyte subpopulations on the basis of
pre-TCR surface expression enables the importance of
this receptor during lineage commitment to be directly
addressed. It has been shown previously that the late
pre-T cell population is capable of giving rise to signifi-
cant numbers of γδ T cells in addition to αβ T cells after
intrathymic injection in vivo [18]. The experiments pre-
sented here using reaggregate organ culture strengthen
this conclusion because we show that the resulting γδ cells
have a high percentage of in-frame β rearrangements. The
proportion of in-frame TCRβ rearrangements observed in
γδ cells from these cultures was the same as that found
previously in total γδ thymocytes or in peripheral γδ
T cells [19]. Although only about 25–50% of γδ T cells
have Vβ(D)J rearrangements [19], these data clearly show
that γδ T cells can arise from a β-selected late double-neg-
ative thymocyte population. 
Most interestingly, the experiments presented here also
revealed an inverse correlation between the level of pre-
TCR surface expression on late pre-T cells and their
potential to differentiate along the γδ lineage. We cannot
distinguish whether a high level of surface pre-TCR on
late pre-T cells determines commitment to the αβ lineage
or whether it is a consequence of a developmental deci-
sion already taken. If the threshold of pre-TCR surface
expression determines αβ lineage commitment, what
might be the mechanism? One attractive possibility is that
surface pre-TCR expression reflects the level of activation
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Figure 7
DNA sequences of the VDJ junction of
Vβ2–Jβ2.2 and Vβ5–Jβ2.5 in γδ+ thymocytes
developing from CD44–CD25– late pre-T
cells. Sequences are shown with segments
aligned with (a) Vβ2, Dβ1.1, Dβ2.1, Jβ2.2 and
(b) Vβ5, Dβ1.1, Dβ2.1 and Jβ2.5. N regions
(N1 and N2) between segments V and D, and
D and J, respectively, are also indicated. At
the end of each sequence it is indicated
whether the sequence is in-frame (+) or
out-of-frame (–).
(a)
Vβ2                                    N1           Dβ1.1      Dβ2.1        N2                                    Jβ2.2
 
TTGTACTGCACCTG             TTGAT     CAGGGGGC                           ACCGGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCAGTG                    GGGGG   CTGGGG     CCTAG        CACCGGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCAGTG        TG                  ACTGGGGGG  CCT        AACACCGGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCA                     ACAGG                AA         AACACCGGGCAGCTCTACTTTGGTGAAGGC (-)
TTGTACTGCACCTGCAG          GA        ACAG                 GCAT        ACACCGGGCAGCTCTACTTTGGTGAAGGC (-)
TTGTACTGCACCTGCAGTGCAGAT   CTACA               GG                     ACACCGGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCAGTGCAG     CTCC                GGGGGGC    GCC           ACCGGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCAGTGCAG     A         GGGC                 ATT           ACCGGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCAGTGCAGAT   CTACA     GGGA                 G           ACACCGGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCAGTGCAG     TCA       AGG                  CA               GGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCAGTGCAGATC  T         ACA       GGGA                  AACACCGGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCAGTGCAGA    CTGGTC    GGG                  ATT          CACCGGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCAGTGCAGA    GGC                 TGGGGG     AT             CCGGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCAGTGCA      TACCT     GGACA                            ACACCGGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCAGTGCAG     GTGCC               CTGG       CT         AACACCGGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCAGTGCAG                         GGGACTGGG  CGG        AACACCGGGCAGCTCTACTTTGGTGAAGGC (-)
TTGTACTGCACCTGCAGTGCAG               AGG                  ACTGGCCA   AACACCGGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCAGTGCAGA    CC        GGGACA                           ACACCGGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGC            TCCATTGC  GGGAC     TGG                    ACACCGGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCAGTGC                           GGGACTG    CCTT          ACCGGGCAGCTCTACTTTGGTGAAGGC (-)
TTGTACTGCACCTGCAGTG        ATT       CAGGGGG              TG             CCGGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCAGTGCAG                         CTGGG      ACCATG        ACCGGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCAGTGCAGATC            AGG       CCATGG                AACACCGGGCAGCTCTACTTTGGTGAAGGC (-)
TTGTACTGCACCTGCAGTGC       GTT       GACAGG               C          AACACCGGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCAGTGCAG     TTC                 GGGGC                       GGGCAGCTCTACTTTGGTGAAGGC (+)
TTGTACTGCACCTGCAGTGCAG     C         AGG                  GGCC       AACACCGGGCAGCTCTACTTTGGTGAAGGC (+)
                                                                                         In-frame: 81%
(b)
Vβ5                                    N1           Dβ1.1      Dβ2.1        N2                                    Jβ2.5
TACTTCTGTGCCAGCTCTC        TCGAG               TGGGG                      CCAAGACACCCAGTACTTTGGGCCA (+)
TACTTCTGTGCCAGCTCTC        TC        GGGAC     TGG        AGG             CCAAGACACCCAGTACTTTGGGCCA (+)
TACTTCTGTGCCAGCTCT                   AGGG      TA                           AAGACACCCAGTACTTTGGGCCA (-)
TACTTCTGTGCCAGCTCT         TCT       GGGAC     TGGGG      CCA                AGACACCCAGTACTTTGGGCCA (-)
TACTTCTGTGCCAGCTC          CCTACAA             GGGC       AATTAAGCG            ACACCCAGTACTTTGGGCCA (+)
TACTTCTGTGCCAGCTCTC        TTC       AC        TGGGGGG    AGG            ACCAAGACACCCAGTACTTTGGGCCA (+)
TACTTCTGTGCCAGCTC          CCT       ACAGGGGG             ACATTC         ACCAAGACACCCAGTACTTTGGGCCA (+)
TACTTCTGTGCCAGCTC          AA                  GACTGGG    T             AACCAAGACACCCAGTACTTTGGGCCA (+)
TACTTCTGTGCCAGC            TCTGAG              CTGGG      G                      ACCCAGTACTTTGGGCCA (+)
TACTTCTGTGCCAGCTCT         GCTT      GGACA                ATA              CAAGACACCCAGTACTTTGGGCCA (+)
TACTTCTGTGCCAGCTCT         T         ACA                  CAATC            CAAGACACCCAGTACTTTGGGCCA (+)
TACTTCTGTGCCAGCTCTC        TCTTG               TGGGG      CCT                AGACACCCAGTACTTTGGGCCA (+)
TACTTCTGTGCCAGCTCT         ACCC                TGGGG      TGT              CAAGACACCCAGTACTTTGGGCCA (+)
TACTTCTGTGCCAGCTCTC        AA        AGGG                 TT               CAAGACACCCAGTACTTTGGGCCA (+)
TACTTCTGTGCCAGCTCTC        CCCAC               TGGGGGG    T              ACCAAGACACCCAGTACTTTGGGCCA (-)
TACTTCTGTGCCAGCTCT         ATT       GGAC                 TCATT            CAAGACACCCAGTACTTTGGGCCA (+)
TACTTCTGTGCCAGCTCTC                  ACAGGGG              A                CAAGACACCCAGTACTTTGGGCCA (+)
TACTTCTGTGCCAGC            AGCTCCCC  GGGA                 AT              CCAAGACACCCAGTACTTTGGGCCA (+)
TACTTCTGTGCCAGCTCTC        CC        CAG                                AACCAAGACACCCAGTACTTTGGGCCA (+)
TACTTCTGTGCCAGCTCTC                  CAGGGG    CTGGG      TG              CCAAGACACCCAGTACTTTGGGCCA (+)
TACTTCTGTGCCAGCTC          ACC                 CTGGGGG    TGATT           CCAAGACACCCAGTACTTTGGGCCA (+)
TACTTCTGTGCCAGCTCTC        TTCG                CTGGGGGG   AGG             CCAAGACACCCAGTACTTTGGGCCA (-)
TACTTCTGTGCCAGCTC          ACC                 CTGGGGG    TG              CCAAGACACCCAGTACTTTGGGCCA (+)
                                                                                         In-frame: 83%
Current Biology   
of the downstream signal transduction machinery that pro-
motes proliferation and differentiation along the αβ
lineage. Thus, the higher the level of activation, the
higher the probability that a β-selected thymocyte differ-
entiates along the αβ lineage.
The conclusions of this study are consistent with a recent
report by Aifantis et al. [20] who used single-cell PCR to
provide evidence that the pre-TCR commits developing
T cells to the αβ lineage. This simple conclusion is,
however, inconsistent with the observations that γδ T cells
can harbour productive TCRβ rearrangements [19]. The
conclusion of the present study, that surface expression of
the pre-TCR may commit a thymocyte to the αβ lineage,
is consistent with both an instructive mechanism for the
pre-TCR in lineage commitment and the presence of pro-
ductive TCRβ rearrangement in some γδ T cells.
Materials and methods
Mice
Mice were bred and maintained in the ICRF Biological Resources Unit
under barrier conditions. The TCRα–/– mouse strain used has been
described previously [12]. Adult mice used in these studies were
between 3 and 5 weeks old, whereas embryos were between 15 and
16 days post coitus.
Antibodies
The following monoclonal antibodies were used in these studies: anti-
CD4–PE, anti-Ly9.1–FITC (3OC7, [21]), anti-TCRγδ–biotin (GL-3),
anti-CD25–biotin, anti-CD44–PE, anti-CD2–FITC, anti-HSA–FITC
from Pharmingen; anti-CD8–Tricolor and anti-CD4–Tricolor from
Caltag; and anti-TCRβ (H57.597, [22]). Streptavidin–PE (Southern
Biotechnology) and streptavidin–Tricolor (Caltag) were used as
second-step reagents. RL172.4 (anti-CD4) and 3.168.8.1(anti-CD8)
supernatants (kind gifts of Rod Ceredig) were used for depletion of
CD4+ and CD8+ T cells. Digoxigenin-conjugation of H57.597 (anti-
TCRβ) monoclonal antibody was carried out with the digoxigenin anti-
body labelling kit from Boehringer Mannheim. Anti-CD16 antibody
(2.4G2/75, Pharmingen) and purified polyclonal hamster IgG isotype
(Pharmingen) were used to block Fc-receptor and non-specific binding
in double-negative cells, respectively, before liposome staining. Lipo-
somes and their conjugation to anti-digoxigenin F(ab)2-fragments have
been described elsewhere [10].
Surface staining and sorting of lymphocytes
When using the liposome technique, staining was performed in PBS
containing 0.5% bovine serum albumin and 0.02% sodium azide at
4°C. Double-negative thymocytes were first incubated for 10 min in an
optimal concentration of 2.4.G2/75 (anti-CD16) antibody and purified
polyclonal hamster IgG isotype and than directly stained with mono-
clonal antibodies against CD25, CD44, TCRβ, TCRγδ, CD4 and CD8.
To obtain CD44–CD25+ thymocytes a combination of CD25–biotin,
CD44–PE and H57.597–digoxigenin was used, whereas to obtain
CD44–CD25– thymocytes a combination of CD25–biotin, CD44–PE,
TCRγδ–biotin, CD4–Tricolor, CD8–Tricolor and H57.597–digoxigenin
was employed. The sample was then washed twice and stained with
fluorescent liposomes for 30 min with gentle agitation, followed by
three washing steps. In the final 10 min of liposome staining, strepta-
vidin-Tricolor, specific for biotinylated monoclonal antibodies, was
added. Samples were filtered and analysed on a FACS-Calibur or
sorted on a FACS-Vantage (Becton Dickinson). Sorted populations
were reanalysed to test their purity, which was always found to be
> 99%. Thymocytes obtained from reaggregation cultures were sus-
pended in PBS containing 2% foetal calf serum (FCS) and incubated
with the desired antibodies at optimal concentration for 10–20 min on
ice. After incubation, cells were washed twice in PBS plus 2% FCS
and stained with streptavidin–PE antibody. Cell suspensions were fil-
tered and analysed on a FACS-Calibur (Becton Dickinson).
Cell depletion
Double-negative thymocytes were obtained from TCRα–/– mice thymi
by depleting CD4+CD8+ cells with RL172.4 (anti-CD4) and 3.168.8.1
(anti-CD8) supernatants in DMEM for 10 min at 37°C. Complement
(Low Tox-M Rabbit Complement; Cedarlane) was added subsequently
and the suspension was left for 45 min at 37°C. Live cells were recov-
ered by Ficoll density-gradient centrifugation.
Preparation of reaggregate cultures
Reaggregate lobes were prepared as previously described [14]. To
form reaggregates, 5 × 104 sorted thymocytes were mixed with
0.5 × 106 dispersed stromal cells and, after centrifugion, placed on the
surface of a nucleopore filter resting on gelatine sponge. Reaggregate
lobes were harvested and stained after 6 days.
Cell-cycle analysis
Sorted cells were fixed in 2 ml 70% ethanol at 4°C overnight. Samples
were then centrifuged at 2,000 rpm for 5 min, resuspended in 250 µl
RNase A (100 µg/ml) and incubated for 30 min at 37°C. Propidium
iodide (50 µg/ml) was added and samples were left for 15 min at room
temperature. Analysis was performed on a FACS Calibur and propid-
ium iodide fluorescence measured above 600 nm wavelength. 
DNA extraction, PCR analysis, cloning and sequencing
DNA was prepared from sorted cells by proteinase-K digestion fol-
lowed by phenol–chloroform extraction. PCRs were performed under
standard conditions (30 cycles) in a Perkin-Elmer thermocycler, using
the following primers: Vβ2 long, 5′-ATCCCTGGATGAGCTGGTATC-
3′; Vβ2 short, 5′-GAGCTGGTATCAGCAGGATC-3′; Vβ5 long, 5′-
GGGGTTGTCCAGTCTCCAAG-3′; Vβ5 short,  5′-CTCCAAGAT-
ACATAATCAAAGG-3′; Jβ2.2 long, 5′-CAGCTTTGAGCCTTCAC-
CAAAGTA-3′; Jβ2.2 short, 5′-CTTCACCAAAGTAGAGCTGCC-3′;
Jβ2.5 long, 5′-GAGCCGAGTGCCTGGCCCAAAGTA-3′; Jβ2.5 short,
5′-GGCCCAAAGTACTGGGTGTC-3′. Products were separated on
agarose gels and bands were purified. Clones were produced using a TA
Cloning Kit (Invitrogen) and the protocols therein. Forward and reverse
sequences were obtained for each clone with M13 and T7 primers, using
the ABI terminator cycle sequencing method and analysed on an ABI
Prism 377 DNA sequencer (PE Applied Biosystems).
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